Staphylococcus aureus MRSA , healthcare workers must wear the appropriate protective clothing which can inhibit contact transmission of these pathogens. Therefore, it is necessary to evaluate the performance of protective clothing for penetration resistance against infectious agents. In Japan, some standard methods were established to evaluate the penetration resistance of protective clothing fabric materials under applied pressure. However, these methods only roughly classified the penetration resistance of fabrics, and the detection sensitivity of the methods and the penetration amount with respect to the relationship between blood and the pathogen have not been studied in detail. Moreover, no standard method using bacteria for evaluation is known. Here, to evaluate penetration resistance of protective clothing materials under applied pressure, the detection sensitivity and the leak amount were investigated by using synthetic blood containing bacteriophage phi-X174 or S. aureus. And the volume of leaked synthetic blood and the amount of test microbe penetration were simultaneously quantified. Our results showed that the penetration detection sensitivity achieved using a test microbial culture was higher than that achieved using synthetic blood at invisible leak level pressures. This finding suggested that there is a potential risk of pathogen penetration even when visual leak of contaminated blood through the protective clothing was not observed. Moreover, at visible leak level pressures, it was found that the amount of test microbe penetration varied at least ten-fold among protective clothing materials classified into the same class of penetration resistance. Analysis of the penetration amount revealed a significant correlation between the volume of penetrated synthetic blood and the amount of test microbe penetration, indicating that the leaked volume of synthetic blood could be considered as a latent indicator for infection risk, that the amount of exposure to contaminated blood corresponds to the risk of infection. Our study helped us ascertain, with high sensitivity, the differences among fabric materials with respect to their protective performance, which may facilitate effective selection of protective clothing depending on the risk assessment.
JIS T 8061 tests the resistance by culture assay using phi-X174 bacteriophage suspended in medium, which is a surrogate microbe. In JIS T 8122, evaluations using JIS T 8060 are always carried out owing to their ease of performance, whereas evaluations using JIS T 8061 are performed depending on necessity. HCWs must select optimal protective clothing based on the results of these performance tests. However, it is difficult for HCWs to determine whether an evaluation using JIS T 8061 culture of phi-X174 is necessary because a comparison of the penetration resistance determined using these different test methods has not been performed. Therefore, comparative analysis of the detection sensitivities in both methods should be investigated.
For classification purposes, JIS T 8122 simply ranks the penetration resistance of fabric materials from < class 1 to class 6, depending on the applied pressure used for JIS T 8060 or JIS T 8061 Table 1 . However, a quantitative analysis of penetration has not been performed using these test methods, although the amount of exposure to blood and body fluids containing blood-borne pathogens is directly correlated to the risk of infection. In order to select protective clothing that is effective in a variety of infection risk situations, it is necessary to quantitatively assess the performance of protective clothing.
The bacterial penetration resistance of hospital gowns or drapes was previously investigated Lankester et al., 2002; Morimoto et al., 2005; Blom et al., 2007 ;  however, the evaluation methods used in these studies were not performed under applied pressure. A standard test method to evaluate the penetration resistance of materials against bacteria has not been established in
INTRODUCTION
In 2014, a massive outbreak of Ebola hemorrhagic fever in West Africa created a serious public health threat worldwide Kalra et al., 2014 . Many healthcare workers HCWs in Sierra Leone were diagnosed with nosocomial infections caused by Ebola virus Kilmarx et al., 2014 . Personal protective equipment PPE is used to prevent HCWs from acquiring infections. The use of effective PPE becomes more critical in the cases where HCWs must avoid infection by pathogens that have no effective treatment or vaccine, such as Ebola virus. HCWs are at a much higher risk of exposure to infected blood and body fluids when they treat patients through direct physical contact either with the patient or with contaminated surfaces. Protective clothing is an essential component of PPE that prevents transmission of potentially contaminated blood or other infectious materials to the HCWs because it covers the largest area of HCW s body. Therefore, it is necessary to evaluate the performance of protective clothing against blood-borne pathogens.
Apart from viral infections, protection against contracting bacterial infections should also be investigated to fully evaluate the performance of protective clothing materials against blood-borne pathogens. Bacteremia due to Staphylococcus aureus infection is associated with mortality rates of 15%-60% Cluff et al., 1968; Julander, 1985 . Specifically, methicillin-resistant Staphylococcus aureus MRSA infection is a major problem, and a significant increase in mortality associated with MRSA bacteremia has been reported Cosgrove et al., 2003 . HCWs whose bodies are contaminated with MRSA could become vectors that spread the nosocomial infection, while they themselves do not show severe symptoms if infected Albrich and Harbarth, 2008 . Thus, HCWs should adequately select and effectively use protective clothing to guard their bodies against MRSA.
In Japan, the Japanese Industrial Standards JIS were established to classify protective clothing, set the factors for evaluation of these items JIS T 8122, 2007 , and to evaluate individual fabric materials used in protective clothing JIS T 8060, 2007; JIS T 8061, 2010 . JIS T 8060 and JIS T 8061 are standard testing methods required in JIS T 8122 to assess the protection performance of fabric materials against contact with infected blood and body fluids under applied pressure.
The JIS T 8060 standard tests the penetration resistance of protective clothing materials by visual check using synthetic blood SB , which is surrogate liquid of real blood; a mixture of an amaranth dye of red color, surfactant, thickening agent, inorganic salts, and distilled water having a surface tension and viscosity representative of blood and some other body fluids. In contrast, This time course of applied pressure is based on JIS T 8060 Procedure D. The pressure is increased step-by-step. In JIS T 8122, the penetration resistance of the fabric sample is classified based on the leak determined by visual check at each given pressure.
Preparation of challenge suspension
The challenge suspension was prepared by adding 1 mL test solution of each microbe to approximately 110 mL SB AZEARTH Co., Tokyo, Japan . The challenge solution was maintained at 23-26 , and its surface tension was 0.040-0.044 N/m. As a preliminary investigation, we tested the viability of the test microbes within the SB solution at this temperature. The bacteriophage phi-X174 titer was stable at 6 h; however, S. aureus viability was reduced by 0.3 log 10 CFU/mL at 1 h. Therefore, each test microbe was added to SB just before use, and the viability of each test microbe in the challenge suspension, as well as in the assay fluid, was determined after the penetration resistance test. Figure 1 shows the experimental setup of the test device based on JIS T 8060, which is same device in JIS T 8061, as previously reported Shinohara et al., 2006; Shinohara, 2007 . Briefly, the test cell consists of a structure sandwiching the protective clothing material sample between a pressurized chamber and a sampling of these studies with that of JIS T 8060 or JIS T 8061 standards under applied pressures.
Test devices
In this study, for evaluation of the penetration resistance of protective clothing materials under applied pressure, we investigated the detection sensitivity and the leak amount to design a combinatorial method using SB containing the test microbes for simultaneous performance evaluation of protective clothing materials. Using phi-X174 as a test virus, or S. aureus as a test bacterium, the penetration amounts of the test microbes were evaluated by culture assay, and the leak volume of SB by measuring its optical density. The detection sensitivities of penetration determined using SB were compared with those determined using microbes to assess the penetration resistance of protective clothing materials. Furthermore, the correlation was analyzed between the volume of SB penetration and the amount of test microbes that breached the protective clothing barrier.
MATERIALS AND METHODS

Preparation of test microbes
Bacteriophage phi-X174 and S. aureus were used as test microbes. Bacteriophage phi-X174 and the host E. coli were obtained from American Type Culture Collection ATCC, VA, USA . E. coli ATCC 13706 was grown in Nutrient Broth NB; Difco TM , Becton, Dickinson and Company, NJ, USA containing 0.5% NaCl Wako, Osaka, Japan at 37 overnight to approximately 1 10 8 colony-forming units CFU /mL. Bacteriophage phi-X174 ATCC 13706-B1 and the host E. coli suspension were mixed and incubated overnight in NB containing 0.5% NaCl 0.5%NaCl-NB at 35 . The lysate was filtered using a membrane filter 0.22 µm pore size; Sartorius, Gottingen, Germany . The filtrate was diluted with phosphate-buffered saline PBS; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan to a concentration of approximately 5 10 9 plaque-forming units PFU /mL phi-X174. The phi-X174 particle diameter was approximately 0.03 µm, as measured by transmission electron microscopy.
S. aureus were obtained from the Biological Resource Center of National Institute of Technology and Evaluation NBRC, Tokyo, Japan . S. aureus NBRC 12732 was cultured on Tryptic Soy Agar TSA; Difco TM , Becton, Dickinson and Company for 24 h at 37 . S. aureus colonies on the agar plate were suspended in PBS at a concentration of approximately 5 10 9 CFU/mL for testing. The particle diameter of S. aureus was approximately 0.6-0.7 µm, as determined by scanning electron microscopy.
FIG. 1 Test device penetration resistance test cell .
The penetration resistance test cell was designed based on JIS T 8060. The test cell consists of a structure sandwiching the protective clothing material sample between a pressurized chamber and a sampling chamber. The pressurized chamber is connected to the air tube of a compressor to provide prescribed pressures. The sampling chamber has a transparent window for visual check. A retaining grid was set in the sampling chamber for preventing the central portion of the material sample from bending under applied pressure. Challenge suspension was injected into the pressurized chamber. According to the procedure D of JIS T 8060, a prescribed hydrostatic pressure was applied to each fabric. After the pressure was applied, the challenge suspension penetrating the sample fabric was collected by washing the sampling chamber with PBS and obtaining the assay fluid. levels were controlled by air from the compressor. After a prescribed pressure was applied for prescribed time to a sample fabric, the challenge suspension penetrating the sample fabric was collected by washing the sampling chamber with PBS and then obtained as the assay fluid. The penetration resistance of the protective clothing material was quantitatively evaluated by measuring the amount of SB and test microbes in the assay fluid. The test cell was then sterilized by heating it for 1 h in a water bath set at 60 and drying it in a safety cabinet before use in the tests. We did not detect any test microbes in the assay fluid after this sterilization procedure data not shown .
Test fabrics
Previously, several fabric materials used in commercially available protective clothing were tested for penetration resistance to SB according to procedure D of JIS T 8060 and classified by JIS T 8122 Shinohara and Shimasaki, 2012 . Seven samples were selected for testing in this study Table 2 . They were categorized to different fabric type and classified into different JIS class in nonwoven or woven; samples N0 Spunbond and W0 Twill were JIS < Class 1, N1 Spunbond/meltblown/spunbond SMS and W1 High density were chamber. The pressurized chamber can be connected to the air tube of a compressor. The sampling chamber has a transparent window to check the sample visually. Challenge suspension was injected into the pressurized chamber. According to the procedure D of JIS T 8060, which is the same as the procedure D1 of JIS T 8061, a prescribed hydrostatic pressure was applied step-bystep to each fabric sample, as shown in Figure We tested four nonwoven fabric samples and three woven sample fabrics. The penetration resistance to synthetic blood of these sample fabrics has been classified by JIS T 8122. The applied pressures were set at both resistance and leak levels based on JIS T 8122 classification. N.A.: Not applicable. Fig.3b , the leak time was recorded. Subsequently, the pressure level was held for a maximum of 4 min 59 sec, following which the experiment was terminated. For example, if penetration is visually observed at 15:01 at 7 kPa of applied pressure, this pressure level was maintained until 20:00 before concluding the experiment. 4 After the pressurized chamber was opened, the challenge suspension was drained. PBS 30 mL was then injected into the sampling chamber, and it was shaken for 1 min to collect the penetrating challenge suspension in the sampling chamber. Upon preliminary examination, we confirmed that substantial numbers of test microbes were recovered from the sampling chamber data not shown . If the penetrating leak volume of the challenge suspension was larger than 10 mL, leak liquid was collected directly without adding PBS. The penetrating volume of SB and the amount of test microbe were measured in terms of the assay fluid obtained in this step.
Penetration volume of the SB
The penetration volume of the SB was estimated by measuring the optical density of the assay fluid at 513 nm OD 513 . The OD 513 of 100 µL/well in a 96-well plate IWAKI, Chiba, Japan was measured using a multiwell plate reader TECAN, Männedorf, Switzerland . The penetration volume of the SB was estimated from the obtained OD 513 by using a linear standard curve of OD 513 measurements ranging from 0.07 to 3.0. The detection limit was calculated as 0.07 based on a cut-off value, two standard deviations above the mean absorbance value obtained in the control well PBS only .
Penetration amount of viable test microbes
To measure the penetration amount of phi-X174, its titer was determined by a soft-agar-overlaid plaque assay. The assay fluid was 10-fold serially diluted with PBS, and 0.2 mL of each serial dilution or undiluted assay fluid mixed with 0.2 mL of host E. coli ca. 10 9 CFU/mL were added to tubes containing 4 mL 0.5%NaCl-NB with 0.5% agar Nissui Pharmaceutical Co., Ltd., Tokyo, Japan . After gentle mixing, the suspension was poured onto two plates of Nutrient Agar NA; Difco TM , Becton, Dickinson and Company, NJ, USA . Additionally, 10 mL assay fluid mixed with 10 mL E. coli broth were added to tubes containing 20 mL 0.5%NaCl-NB with 0.8% agar. After gentle mixing, the suspension was poured onto a NA plate. After cultivation for 18 h at 37 , the plaques on the plates were counted.
To measure the penetration amount of S. aureus, the assay fluid was 10-fold serially diluted with PBS, and 0.1 mL of each serial dilution or undiluted assay fluid was JIS Class 1, N3 Flash spun was JIS Class 3, N6
Flash spun laminated with film and W6 Film layer were JIS Class 6, respectively. Test samples except W6 were cut into circles with a diameter of 8.4 cm and W6 was cut into circles with a diameter of 9.4 cm for evaluating a larger area of the sample because W6 is easier to tear than are the other samples. They were sterilized using an electron beam 45 kGy , according to the general sterilization procedures for each commercial product.
Test procedure
The test conditions used for each sample are shown in Table 2 . The applied pressure was set both at non-leak level pressures and at leak level pressures depending on the JIS class of each sample. All tests were performed at 23-26 . Tests were conducted according to JIS T 8060 Procedure D with the following modifications: 1 The penetration test cells were placed on a stand Fig.3a . 2 The challenge suspension was injected into the pressurized chamber. 3 Pressure was applied in a step-wise manner Fig.2 by air from a compressor, according to the test conditions listed in Table 2 . If challenge suspension penetration was visually observed during pressurization
FIG. 3b
Representative look of challenge suspension leaking into the sampling chamber.
Step-by-step pressure is applied to sample N3. At 7 kPa, it observed visually that the challenge suspension was leaking gradually into the sampling chamber.
FIG. 3a
Appearance of test device. Several sets of test devices were used in this study. The devices holding the material samples were placed as the sampling chamber sides were visible.
RESULTS
Evaluation of penetration resistance at non-leak level pressures
As shown in Table 2 , 0 kPa pressure was applied to N1 and W1 samples, up to 3.5 kPa was applied to N3, while up to 20 kPa was applied to N6 and W6. Each sample was independently tested five times. The results showed that phi-X174 or S. aureus were detected in spread onto two TSA plates. Additionally, 1 mL and 10 mL aliquots of the assay fluid were filtered through membrane filters 0.45 µm pore size, Millipore, MA, USA , and the membrane filters were placed on the TSA plates. After cultivation for 48 h at 37 , the bacterial colonies on the plates were counted. results showed that test microbes phi-X174 or S. aureus were always detected in the penetrating challenge suspension or in the assay fluid when the leak into the sampling chamber could be confirmed by visual check of the SB color Table 5a , 5b . These results indicated that class judgments using test microbes at the leak level pressure were identical with that of the visual check. A comparison of N1 and W1, both Class 1 materials based on JIS T 8122, revealed that while the leak time was almost identical, the total microbial penetration of both phi-X174 and S. aureus was 10-100 times higher for N1 than for W1 Fig.4 . In rare cases, portions of some nonwoven fabric samples were observed to leak at the resistance pressure level. The material was thinner at the leak point regions than in the surrounding areas, indicating inconsistencies in the thickness of the test material.
Quantitative analysis of challenge solution penetration
Penetrated challenge suspension was collected directly from the sampling chamber, without the addition of PBS, after testing the N0, W0, and N1 fabric samples. The concentration of test microbes detected in the sampling chamber was compared to that in the pressurized chamber Table 5a , 5b . The concentration ratio was calculated using the following equation:
Comparative analysis of detection sensitivity
We compared the differences in evaluation between analysis using SB and test microbe assay Table 4 . In terms of samples of Class 1 judged by SB no visually observed leakage of SB for 5 min at 0 kPa and class 3 judged by SB no visually observed leakage of SB for 5 min at 3.5 kPa , test microbes penetration was detected at pressures where visually observed leakage was not be confirmed. Detection of SB by measuring the OD 513 of the assay fluid correlated with the sample class by JIS T 8122. There was a difference in class judgment of penetration resistance between analysis using SB and test microbe detection. The microbe detection assay may have high detection sensitivity in some sample classes as the detection-positive rates of class judgment using test microbes were higher than that using SB. These results strongly suggest that there is a potential risk of pathogen penetration even if the pathogen does not visually pass through the protective clothing materials.
Evaluation of penetration resistance at leak level pressures
As shown in Table 2 , 0 kPa pressure was applied to N0 and W0 fabric samples up to 1.75 kPa was applied to N1 and W1, and up to 7 kPa was applied to N3. Each fabric sample was tested independently five times. The We found that the penetration detection sensitivity achieved using the test microbial culture was higher than that achieved using synthetic blood at invisible leak level pressures. Detection-positive rate = the leakage positive number of samples detected at one under class than classification based on JIS T 8122 / total test samples. N.D.: Not detected.
sampling chamber were almost the same as those detected in the pressurized chamber. Moreover, interfiber gaps observed under a microscope were much larger than the diameter of test microbe particles data not shown . This suggested that the test microbe penetrated the sample material without being physical adsorbed onto it. On the assay fluid collected with PBS W1 and N3 , concentration ratio = log 10 the concentration detected in the sampling chamber / the concentration in the pressurized chamber . The resulting N0 concentration ratio averages were 0.05 for phi-X174 and -0.07 for S. aureus. W0 averages were 0.00 for phi-X174 and 0.04 for S. aureus, and N1 averages were -0.27 for phi-X174 and -0.13 for S. aureus. These results indicated that the concentrations of the test microbe detected in the 
DISCUSSION
In this study, we evaluated the penetration resistance of protective clothing materials to SB containing either one of the two different microbes: bacteriophage phi-X174 or S. aureus, with advanced analysis. The penetration volume of SB was quantified by the OD 513 the correlation was analyzed between estimated penetration volume of SB and the penetration amount of test microbes by simple linear regression Fig.5 . The penetration amount of phi-X174 detected in the assay fluid was highly associated with the estimated penetration volume of SB R 2 = 0.88807 . Similarly, the penetration amount of S. aureus was highly associated with that of SB R 2 = 0.91736 . This analysis suggested that the leaked volume of SB could be a latent indicator for infection risk if it is once confirmed that the test microbes Arnold et al., 1988; Korniewicz et al., 1989 . Thus, our findings indicated that there is a potential infection risk even if the pathogen in blood or bodily fluids may not visually pass through the protective clothing. Moreover, when a SB leak was observed in test samples in our experiments, the number of test microbes detected in the sampling chamber was almost equivalent to that in the pressurized chamber. Our results showed a significant correlation between the volume of SB that penetrated the sample material and the penetration amount of the test microbes, indicating that quantifying of the leaked volume of SB could help in the evaluation of infection risk.
value, and the penetration of test microbes was quantified simultaneously.
Our results revealed that detecting test microbes by a culture method had a higher sensitivity than SB measurement. When the leak volume of SB is less than 0.1 µL, it would be impossible to visually observe the leak. However, referring to the regression equations of between SB volume and the amount of test microbes penetration Fig.5 , the amount of phi-X174 in 0.1 µL SB was calculated to be approximately 3 10 3 PFU while that of S. aureus was approximately 2 10 3 CFU. In contrast, culture methods in this study could detect microbes at levels of 3 PFU or 3 CFU. A comparison of these detection limits revealed that test microbes may be approximately 1000 times more sensitive than SB as a surrogate material for evaluating penetration resis- The penetration amount of test microbes a phi-X 174 and b S. aureus detected in the sampling chamber with N1 was was significantly higher over 10 times than that detected with W1. The average Ave. for each sample is shown. Error bars denote standard deviation S.D. .
Here, our advanced analysis showed that the seven samples categorized as different fabric types have different penetration resistance characteristics. Although two Class 1 sample materials, N1 and W1, showed similar leak times at leak level pressure 1.75 kPa , the total amount of penetration in N1 was greater than that in W1 Table 5a , 5b . At non-leak level pressure 0 kPa , the total penetration by test microbes in W1, which was not visible, was more than that in N1 Table 3a , 3b . The reason why the behavior of microbial penetration under varying pressures was different between W1 and N1 might be the difference of fabric structure; weave structure of W1 may easily react to increasing pressure, and N1 may have narrow gap of inter-fiber at natural pressure. Therefore, if HCWs want to avoid exposure to blood-borne pathogens during accidental leaks, it may be better to select protective clothing made from fabric material such as W1. If HCWs want to decrease invisible pathogen exposure, it may be better to select a fabric material such as N1. Thus, finding differences in the protective performance by using quantitative analysis may facilitate protective clothing selection based on risk assessment.
Furthermore, in many samples at non-leak level pressures, the detection-positive rate was increased in the phi-X174 assay compared to the S. aureus assay Table  4 . Phi-X174 may pass through fabrics more easily than S. aureus because its particle diameter of approximately 0.03 µm is smaller than that of S. aureus.
As a countermeasure against nosocomial infections, protective clothing should play two roles; it should protect HCWs from infection by a serious disease such as Ebola hemorrhagic fever, and it should prevent pathogens from coming in contact with the HCWs bodies or their uniforms so that they do not become vectors for pathogens such as MRSA. Our advanced analysis for evaluation may help to further our understanding of the characteristics of protective clothing materials in detail, thereby enabling HCWs to select the appropriate protective clothing, depending on the hazardous situation and the infection risk.
